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Structural separations on the basis of gas-phase ion mobility-mass spectrometry are increas-
ingly used for the analysis of complex biological samples. As a tool to elucidate biomolecular
structure, ion mobility-mass spectrometry methods are unique in that direct molecular
structural information is obtained for all resolved species, largely irrespective of the complex-
ity of the sample. Computational approaches are used to interpret and discern structural
details consistent with the empirical results. To a first approximation, correlations of mobility with
mass allow for qualitative identification of the molecular class to which a particular species
belongs. These correlations allow simultaneous characterization of different classes of biomol-
ecules, which provides a means for combining omics measurements, such as lipidomics, proteom-
ics, glycomics, and metabolomics, in the same analysis. Examination of the correlation of fine
structure reveals that specific structural motifs, chemical functionality, chemical connectivity, and
composition may also be determined, depending on the specific biomolecular class. Mapping the
coarse and fine structure in ion mobility-mass spectrometry conformation space measurements
provides an atlas for interpretation and discovery in complicated spectra. (J Am Soc Mass
Spectrom 2009, 20, 1775–1781) © 2009 American Society for Mass SpectrometryGas-phase separations on the basis of migrationand diffusion of ions through a neutral gasunder the influence of an applied field have
existed for over a century. The first examples of gas-
phase ion mobility (IM) include the quantitative studies
of ionized gases by Rutherford shortly after the discov-
ery of X-rays [1, 2]. To place these early IM experiments
in the context of mass spectrometry (MS), it would be
almost another decade before J. J. Thomson would
construct his first mass spectrograph [3]. Over the
historic span of IMS development, the technique has
been referred to by several names, including plasma
chromatography [4], ion chromatography [5], and the
currently accepted term ion mobility spectrometry
(IMS). A detailed account on the historic development
of IMS and milestones in the progress of gas-phase IM
techniques is described elsewhere [6, 7]. For many
years, IMS separations were used for the fundamental
study of atomic and small molecular ions in plasma
physics. In the 1960s and 70s, a transition occurred from
using IMS primarily as a fundamental physics research
tool to using it as a separations device for analytical and
physical chemistry applications. Notably, the early
1960s also marked the first reports of combining IMS
with MS (IM-MS) [8, 9].
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doi:10.1016/j.jasms.2009.06.016On the basis of these early IM-MS instruments, it was
proposed that with proper calibration, IMS instruments
could be operated as atmospheric pressure mass spec-
trometers in that mass could be assigned to a particular
IM drift time [10, 11]. This supposition was derived
from plotting curves of mass as a function of mobility,
which resulted in highly correlated calibration curves.
However, this notion was qualified by Horning and
colleagues in that highly correlated mass-mobility rela-
tionships are only valid for structurally-related com-
pounds, and concluded that “identification of the ion
species based solely upon mobility data is at best
speculative and should be discouraged [12].” Subse-
quently, a rigorous treatment derived from the kinetic
theory of gases, reviewed the interdependencies of the
physical parameters of separation on the measured
mobility for drift tube IM [13–15], which to a first
approximation, given appropriate approximations, re-
sults in the following:
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where these parameters include the reduced mobility
(K0, or mobility normalized to STP conditions), charge
of the ion (ze), Boltzmann’s constant (kB), temperature
(T), the reduced mass of the ion-neutral collision pair
(ion and neutral masses of mi and mn, respectively),
pressure (P), number density of the drift gas at STP (N0,
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section (). Because mobility (K) is defined as the
proportionality constant relating drift velocity (vd) in a
gas under the influence of an electrostatic-field (E), i.e.,
vd  KE, by substitution and rearrangement eq 1 is
typically rewritten to solve for the ion-neutral collision
cross section:
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Thus, by measuring the drift time (td) of an ion popu-
lation across a drift tube of known length (L), the
ion-neutral collision cross section can be determined.
Often 2D IM-MS data are reported as the arrival time
distribution (ATD, corresponding to td  time the ion
resides in regions outside of the drift cell) versus m/z,
rather than collision cross section versus m/z, because of
the nonlinear transformation of drift time-to-collision
cross section with mass. The significance of these rela-
tionships is that the ion-neutral collision cross section
corresponds to the orientationally averaged surface area
of the ion, which yields direct structural information.
Based on the fundamental underpinnings of IM
theory, a particularly important milestone in the devel-
opment of IM-MS for biological applications occurred
in the mid-1990s when Bowers and colleagues first
reported IM-MS structural studies for peptides [16, 17],
and for structural analysis of intact proteins by Jarrold,
Clemmer, and coworkers [18, 19]. More recently, Rob-
inson and coworkers have extended IM-MS strategies
Figure 1. A listing of contemporary experimen
peptide, protein, and protein complex structure
technique is typically used for solid, liquid, or g
respectively. Below each panel is the type of info
for complex samples, and if the structural inform
These designations are for how the different me
all possible selected cases.to the elucidation of protein complex quaternary struc-
ture [20–23]. To assign potential structural components
to the systems investigated, computational approaches
and chemical intuition are used to interpret structures
consistent with those that are measured. In large part,
this work and that of others in the IMS and IM-MS
fields denotes a period of rapid and expanding work
over the past decade, resulting in the development of
biological IM-MS as a multidimensional separations
tool for identifying species in complex biological sam-
ples and for characterizing biomolecular structure. Im-
portantly, the strength of IM-MS techniques in life
sciences research is in utilizing the unique information
afforded by integrating the information inherent in both
the IM and the MS separation dimensions.
As a biomolecular structural analysis tool, it is im-
portant to place these relatively new capabilities in
context with more widely accepted methods. As an
example for structural proteomics, Figure 1 compares
current experimental and theoretical methods for the
determination of structural elements at different levels
(e.g., protein secondary, tertiary, and quaternary struc-
ture), the utility of methods for the analysis of complex
samples, and the ability to provide direct or indirect
structural determinations. A description of these tech-
niques can be found in several recent reviews [24, 25].
The presented array of techniques is merely a sampling
of the major methods that are currently used in their
typical manner and is not intended to be comprehen-
sive, which is beyond the scope of this report. Note that
the level of relative information obtained between dif-
d theoretical methods for the determination of
e coloring of each panel indicates whether the
hase measurements by green, blue, and yellow,
ion commonly provided, if it is commonly used
n obtained is directly or indirectly determined.
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multiple techniques in tandem can further enhance the
capabilities listed. A significant advantage of IM-MS
approaches to determining biomolecular structure is
that inherent in the 2D dataset is direct structural
information for all of the analytes that are present,
largely irrespective of the complexity of the sample.
Furthermore, modern embodiments of IM-MS typically
limit ion transmission efficiency losses and provide
limits of detection similar to that of MS-only instru-
ments, while structural information is extractable from
trace amounts of sample. Complementary to atomic
resolution structural determinations, such as those af-
forded by X-ray crystallography and NMR spectros-
copy, structural information in IM-MS is interpreted by
the combination of computational approaches to yield
structural information consistent with the empirically-
derived collision cross section data. Depending on the
structural hypothesis being queried, oftentimes this is
sufficient, given the additional benefits of IM-MS to
answer questions yielding important chemical biologi-
cal information. Aside from discerning structural de-
tails of purified samples, the low-resolution structural
separations that are afforded provide unique opportu-
nities in the analysis of complex biological samples.
The present report is intended to provide a frame-
work for interpreting IM-MS conformation space, both
in a coarse-grained approach and also in the correlation
fine structural details that yield qualitative information
that can be mined from IM-MS data. There are numer-
ous reports for selected systems describing subtle (or
not so subtle) differences in the mobilities or collision
cross sections that are obtained for structurally-related
biomolecules. However, these differences have largely
not been described as a means for mapping conforma-
tion space in IM-MS measurements [26, 27]. In the
analysis of complex biological materials, such an atlas
of conformation space is a prerequisite for integrating
various omics measurements to a common IM-MS plat-
form without the commensurate need for extensive sam-
ple purification and sample preparation. This report
first describes what is obtainable from a coarse-grained
examination of IM-MS data in bioanalysis and is fol-
lowed by a survey of fine structure characterization
within molecular classes to enhance molecular charac-
terization in IM-MS measurements.
Structural Separations in Conformation
Space—A Coarse-Grained Examination
The combination of IM-MS provides both ion structural
information on the basis of ion-neutral collision cross
section (or apparent surface area of the ion) and mass-
to-charge (m/z). In contrast with highly orthogonal
multidimensional separations [28], in IM-MS the two
separation dimensions are correlated, which can be
simultaneously a challenge and a significant advantage.
Fundamentally, this correlation can be rationalized bydimensional analysis. Given the relatively few types of
atoms involved in the composition of most biomol-
ecules (C, H, O, N, P, and S), the mass and volume of a
molecule are largely related by a narrow range of
density, i.e., biomolecular mass scales as volume, or
length cubed, while IM collision cross section, or sur-
face area, scales as length squared. Thus, the average
density of different types of biomolecules is largely
dictated by (1) the type of monomer units comprising
the molecule (e.g., amino acids in proteins, nucleotides
in nucleic acids, and sugars in polysaccharides), (2) the
polymeric organization of the monomer units (e.g.,
linearly in proteins and nucleic acids and branched in
polysaccharides), and (3) the prevailing intramolecular
folding forces of the molecule. Because the physical
characteristic giving rise to separation selectivity is
structure, the 2D separation space in IM-MS is termed
conformation space [29].
In the analysis of complex biological samples, such
as those expected to contain analytes encompassing
multiple molecular classes, the average densities of
different classes differ in the order oligonucleotides 
carbohydrates  peptides  lipids [26, 27, 29–31].
Conceptually, this gives rise to correlated mobility-
mass relationships, each possessing a different slope for
each molecular class as illustrated hypothetically in
Figure 2a. Thus, at a given m/z, the characteristic drift
time for different types of molecules vary in the order
lipids  peptides  carbohydrates  oligonucleotides
and with predictable drift times for specific separation
conditions. A plot of collision cross section versus m/z for
a large number of singly-charged biologically-relevant
lipids (n  53), peptides (n  610), carbohydrates (191),
and oligonucleotides (n  110) is shown in Figure 2b,
for species in the mass range2000m/z. Although these
signals are plotted as collision cross sections rather than
drift times, to normalize the data for experimental
conditions and because of the nonlinear transformation
as discussed, the separation of molecular classes is even
more prominent when signals are projected as drift
times. For example, Figures 2c and d illustrate baseline
separation of lipids and peptides using MALDI-IM-MS
in the molecular profiling of thin tissue section of a
human glioblastoma and of peptides and carbohydrates
in the analysis of the model glycoprotein ribonuclease
b. These examples illustrate that qualitative assignment
to molecular class in conformation space and identifi-
cation on the basis of m/z could yield a rapid means for
combining omics measurements, such as combined
lipidomics and proteomics in Figure 2c, and combined
proteomics and glycomics in Figure 2d. It is important
to note that the correlations depicted in Figure 2 are for
positive mode ionization. While for some compound
classes negative mode ionization is preferred, there are
relatively few reports providing negative ion collision
cross section data. Thus, in the negative mode these
correlations may be strikingly different and of utility in
their own right.
ioan
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classes also provides a key advantage in omics measure-
ments in that the separation of endogenous and exoge-
nous material from the molecular class of interest is the
separation of chemical noise. The separation of chemical
noise provides two key benefits, for example in proteom-
ics, namely: (1) eliminating database searching with sig-
nals that do not correspond to peptides, and (2) providing
enhanced signal-to-noise ratios for low abundance pep-
tides. By searching proteomic databases with only masses
known to be putative peptides on the basis of structure,
increases protein confidence level assignments by nearly a
Figure 2. (a) A hypothetical depiction of where
of different molecular class are observed in IM-
section as a function of m/z for different biolog
cleotides (n  96), carbohydrates (n  192), p
correspond to singly charged ions generated by
the data point. Values for peptides species are f
1232–1238. (c) A 2D plot of MALDI-IM-MS confo
and peptides directly from a thin tissue section
2D plot of MALDI-IM-MS conformation space fo
in-source decay carbohydrate fragments obtain
release (PNGase F) of the glycoprotein ribonuc
indicated by asterisks. Dashed lines are to assis
Panels (a), (c), and (d) are adapted with permiss
L. S.; McLean, J. A. Biomolecular structural se
Bioanal. Chem. 2008, 391, 906. Panel (b) is adapted
Media: Fenn, L. S. et al. Characterizing Ion Mob
Analysis of Complex Biological Samples. Anal. Bfactor of 10 to 100 times over that using only integratedMS data [32]. Furthermore, because IM-MS is a post-
ionization technique, it can be combined with additional
dimensions of LC separations to further differentiate ana-
lytes on the basis of additional physical characteristics
such as hydrophobicity, etc. Clemmer and colleagues
have recently described LC-ESI-IM-MS studies of the
human plasma proteome, whereby 3D separations pro-
vided an enhanced concentration dynamic range, which is
estimated to be 105 to 106 [33–35]. Owing to these advan-
tages, IM-MS techniques are increasingly being used to
study complex biological samples, such as whole cell
lysates [36], plasma [33–35, 37], homogenized tissue [36,
ly-charged analytes (e.g., produced by MALDI)
onformation space. (b) A plot of collision cross
relevant molecular classes, including oligonu-
es (n  610), and lipids (n  53). All species
MALDI, where error  1 is generally within
L. Tao et al., J. Am. Soc. Mass Spectrom. 2007, 8,
ion space for the simultaneous analysis of lipids
m) of a fresh frozen human glioblastoma. (d) A
simultaneous analysis of peptides, glycans, and
om proteolysis (trypsin) and N-linked glycan
b. Species corresponding to carbohydrates are
ualization of the different classes of molecules.
om Springer Science and Business Media: Fenn,
ions by ion mobility-mass spectrometry. Anal.
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Space—A Correlation Fine
Structure Examination
The correlations of mobility with mass for a particular
molecular class are logarithmic functions that capture
the length squared verses length cubed relation of
collision cross section with mass. Histogram plots of the
appearance frequency of collision cross sections as the
percent relative deviation from the average correlation
reveal rather Gaussian shaped curves for large numbers
of analytes for each biomolecular class [27]. However,
hidden within these correlations is fine structure, which
can provide additional information about the specific
molecule. In the case of oligonucleotides, helical du-
plexes and G-quadruplexes have been shown to adopt
larger structures than average globules [42–44], while
single-stranded base stacking results in smaller than aver-
age structures [27]. For peptides, retained secondary struc-
tural elements can result in larger structures for -helices
[45] and smaller structures for ß-hairpins [46], respec-
tively. Peptide structure is also affected in a predictable
manner by post-translational modifications, such as
phosphorylation [47, 48], glycosylation, cis-trans pro-
line isomerization [49], disulfide bridging, and cycliza-
tion [50]. Carbohydrates that include a higher degree of
Figure 3. A plot depicting structural motifs an
from the average ion mobility–m/z correlation
including: oligonucleotides, carbohydrates, natu
and direction of individual arrows corresponds
species are greater than or less than the predicted corrbranching than their linear counterparts adopt smaller
structures, even when composed of the same individual
carbohydrate monomers, and are isobaric species [51].
A summary of how different structural motifs and
molecular sub-classes affect where these species are
observed in relation to the average mobility-mass cor-
relation is presented in Figure 3 for oligonucleotides,
carbohydrates, peptides, lipids, and natural products.
The fine structure hidden within the nearly Gaussian
histogram plots of the appearance frequency of collision
cross sections as the percent relative deviation from the
average correlation for a class can be rather dramatic as
is the case for lipids. For example, deviations for lipids,
as indicated in Figure 3, indicate that on average,
sphingomyelins and cerebrosides adopt more extended
structures, while phosphatidylcholines, phosphatidyleth-
anolamines, and phosphatidylserines adopt more com-
pact structures. Note that the two former and three
latter classes of lipids belong to the larger families of
sphingolipids and glycerophospholipids, respectively.
Thus, the primary difference between the two families
is connectivity of the fatty acyl tails to the phosphate
and lipid head group via either a sphingosine or glyc-
erol moiety. Although in a chemical connectivity sense
this is not a large difference, this results in a bimodal
distribution in a histogram plot of appearance fre-
b-classes of molecules that result in deviations
each of five different classes of biomolecules,
oducts, peptides, and lipids. The relative length
relative degree of deviation and whether thosed su
for
ral pr
to theelation for the average of molecules of that class.
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differences between sub-classes of biomolecules, the
predicted appearance regions in conformation space is
much more complex and richer in information than is
commonly used.
Mapping these fine details should provide a means
for better interpreting data from complex samples, and
may provide a unique and high throughput means for
screening and discovery. For example, bioactive sec-
ondary metabolite natural products in drug discovery
are challenging to isolate and further to elucidate their
structure. However, oftentimes this large class of mol-
ecules (e.g., cyclic peptides, macrolides, aminoglyco-
sides, aromatic polyketides, etc.), exhibit broad func-
tionality and are conformationally defined via multiple
stereocenters, intramolecular cyclization, and incorpo-
ration of non-standard amino acids. Thus, the ability to
map regions of conformation space corresponding to
natural products may provide a guide-post to identifi-
cation of new target compounds directly from crude
extracts [50]. As the anhydrous structural landscape is
further elucidated for biomolecules, both in a coarse-
grained and fine structure perspective, the role of
IM-MS methodologies in emerging bioanalytical and
biophysical studies of complex biological samples will
become increasingly prevalent. Ultimately, it is the
coarse and fine structure in IM-MS correlations that
gave rise to Horning’s conclusion, and provide the
unique information that the technique affords.
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